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In Brief
Lipoteichoic acid produced by Grampositive bacteria is sensed by the NLRP6 inflammasome and leads to the processing of both caspase-1 and caspase-11, exacerbating infection.
INTRODUCTION
Inflammasomes are genetically encoded signaling complexes that drive the activation of inflammatory caspases and induction of immune responses and pyroptosis, a proinflammatory form of cell death (Martinon and Tschopp, 2007) . In response to diverse microbial and endogenous stimuli, phagocytes induce the activation of canonical inflammasomes, including NLRP3, NLRC4, and AIM2, that recruits the common adaptor ASC to activate caspase-1, leading to the secretion of mature interleukin-1b (IL-1b) and IL-18 as well as the induction of pyroptosis (Schroder and Tschopp, 2010) . In contrast, the noncanonical inflammasome is triggered by the binding of cyto-solic lipopolysaccharide (LPS) to another class of inflammatory caspases that includes murine caspase-11 (Kayagaki et al., 2011 (Kayagaki et al., , 2013 Shi et al., 2014) . Cytosolic LPS induces oligomerization of caspase-11 that targets gasdermin D (GSDMD) to induce pore formation in the absence of pro-caspase-11 processing Shi et al., 2014) . However, recent studies showed that caspase-11 is self-cleaved after LPS stimulation (Lee et al., 2018) . In addition, endogenous oxidized phospholipids bind to caspase-11 directly to induce IL-1b secretion without inducing pyroptosis in dendritic cells (Zanoni et al., 2016) .
NLRP6, a member of the nucleotide-binding oligomerization domain (NOD)-like receptor family, can form an inflammasome that is involved in the recognition of microbes and intestinal homeostasis (Elinav et al., 2011; Henao-Mejia et al., 2012; Levy et al., 2015; Normand et al., 2011; Wang et al., 2015; Wlodarska et al., 2014) . In the intestine, NLRP6 is expressed in intestinal epithelial cells and promotes IL-18 production and epithelial cell repair in response to chemically induced intestinal injury Elinav et al., 2011; Huber et al., 2012) . NLRP6 also acts within intestinal goblet cells to regulate mucus production (Birchenough et al., 2016; Wlodarska et al., 2014) . In addition, NLRP6 functions within macrophages to limit commensal bacteria-driven inflammation in the intestine and to regulate systemic infection by bacterial pathogens Seregin et al., 2017a) . Although NLRP6 can associate with caspase-1 and the adaptor ASC in overexpression studies (Levy et al., 2015) , the nature of the NLRP6 inflammasome and its agonist remain unclear. In this study, we found that LTA, a molecule produced by Gram-positive bacteria, binds and activates NLRP6, leading to the recruitment and processing of caspase-11 via the adaptor ASC. Upon Listeria monocytogenes infection or the presence of cytosolic LTA, NLRP6 formed a protein complex containing caspase-11 and caspase-1 that regulates IL-18 secretion in macrophages. Our results provide new insights into the mechanism by which NLRP6 inflammasome is activated and recruits proinflammatory caspases in macrophages after microbial infection as well as the function Primary BMDMs were left uninfected or infected with Listeria at MOI = 10 or indicated MOI for 12 hr or indicated times. (A) Cytokine levels in cell supernatants after infection at different MOIs for 12 hr or at MOI = 10 for indicated time. (B) Cytokine levels in cell supernatants after infection.
(legend continued on next page) of the NLRP6-caspase-11 pathway in systemic infection by Gram-positive bacterial pathogens.
RESULTS
Caspase-11 Is Processed in Macrophages Infected with Listeria monocytogenes and Staphylococcus aureus through NLRP6 to Promote Caspase-1 Activation To assess whether caspase-11 can be activated by Gram-positive bacteria, bone-marrow-derived macrophages (BMDMs) from wild-type (WT) and mutant mice were infected with the intracytosolic pathogen Listeria monocytogenes (Listeria). The release of IL-1b and IL-18, but not tumor necrosis factor alpha (TNF-a), was impaired in infected Casp11 À/À BMDMs compared with WT cells ( Figures 1A and 1B ). Furthermore, IL-1b and IL-18 secretion induced by Listeria infection were abolished in Casp1 À/À Casp11 +/+ and Pycard À/À BMDMs ( Figure 1B ). Consistently, activation of caspase-1 induced by Listeria was reduced in Casp11 À/À BMDMs and abolished in BMDMs deficient in the adaptor ASC ( Figure 1C ). Listeria infection induced caspase-11 expression and the cleavage of pro-caspase-11 as determined by immunoblotting with an antibody that recognizes the cleaved p20 form of caspase-11 ( Figures 1D, 1E , S1A, and S1B). To verify these results, we assessed the ability of cell extracts to cleave Ac-Leu-Glu-Val-Asp-7-amino-4-methylcoumarin (Ac-LEVD-AMC), a fluorogenic substrate of mouse caspase-11 and its human caspase-4 and -5 orthologs (Martinon and Tschopp, 2007) . Cell extracts from Listeria-infected BMDMs cleaved the Ac-LEVD-AMC substrate that required caspase-11, but not the caspase-8 substrate Ac-IETD-AMC or caspase-3 substrate Ac-DMQD-AMC ( Figures 1F, S2A , and S2B). Unlike Salmonella enterica serovar Typhimurium (Salmonella) , Listeria induced no or undetectable cleavage of pore-forming GSDMD, which was associated with little cell death when compared to Salmonella (Figures 1G and S1C). To identify innate immune factors that may be required for caspase-11 cleavage, BMDMs from WT mice and mice deficient for AIM2, NLRP3, or NLRP6 as well as mutant mice lacking only caspase-1 or the adaptor ASC were infected with Listeria. The analysis revealed that NLRP6, but not AIM2 or NLRP3, was required for caspase-11 cleavage in response to Listeria infection ( Figure 1H ). Consistent with these results, cell extracts from Listeria-infected WT BMDMs cleaved the Ac-LEVD-AMC substrate, which was impaired in Nlrp6 À/À and Casp11 À/À cells, but not in Nlrp3 À/À or Aim2 À/À cells ( Figure 1I ). Additionally, Nlrp6 À/À BMDMs showed reduced IL-1b and IL-18 secretion and caspase-1 activation (Fig- ures S1D-S1F). Furthermore, caspase-11 cleavage induced by Listeria was significantly decreased in ASC-deficient BMDMs, but not in Casp1 À/À cells, which correlated with Ac-LEVD-AMC cleavage activity ( Figures 1J and 1K ). In addition to mouse macrophages, human THP-1 cells deficient in caspase-4 and -5 released less IL-1b than WT cells in response to Listeria infection ( Figure S1G ). Another Gram-positive pathogen, Staphylococcus aureus, also induced the processing of caspase-11 and cleavage of Ac-LEVD-AMC in an NLRP6-dependent manner (Figures S1H and S1I). These results indicate that NLRP6 and ASC act upstream of caspase-11 cleavage to promote caspase-1-dependent IL-1b and IL-18 secretion in macrophages infected with Listeria.
Cytosolic LTA Is Sensed by NLRP6 to Trigger Caspase-11 Cleavage We next sought to identify the bacterial component that triggers caspase-11 cleavage during Listeria infection. Transfection of Listeria extracts into the cytosol of macrophages induced cleavage of caspase-11 ( Figure 2A ). The caspase-11 p20 cleavage product was markedly decreased after pre-treatment of bacterial lysates with phosphodiesterase (PDE), but not with DNase, RNase, or proteinase K (Figure 2A ). Listeria produces LTA and cyclic-diAMP, which are sensitive to PDE due to the presence of phosphodiester bonds (Kolb-Mä urer et al., 2003; Woodward et al., 2010) . The transfection of LTA, but not cyclic-diAMP, into BMDMs resulted in the appearance of the caspase-11 p20 band associated with Ac-LEVD-AMC cleavage (Figures 2B-2E  and S3A ). However, we did not observe the production of the caspase-11 p20 form or LEVD cleavage after LPS transfection, stimulation with nigericin or poly(dA:dT), or infection with Francisella tularensis or Salmonella (Figures 2B-2E, S2C-S2N, and  S3A) , which is consistent with a previous report . Cytosolic delivery of LTA was required for caspase-11 cleavage, as this did not occur in the absence of the liposomal transfection reagent DOTAP ( Figure 2F ). Unlike LTA, transfection of synthetic triacylated lipoprotein Pam3CSK4, which is also a Toll-like receptor (TLR) 2 ligand, did not result in the production of the caspase-11 p20 form ( Figure 2F ). LPS-mediated caspase-11 activation induces GSDMD-dependent cell death (Kayagaki et al., 2015; Shi et al., 2015) . ability of synthetic LTA (sLTA) to cleave caspase-11 ( Figure S3C ). Transfection of sLTA induced cleavage of caspase-11 and Ac-LEVD-AMC substrate in WT BMDMs, which was comparable to LTA ( Figures 2I and 2J ). Furthermore, sLTA lacking the glycerophosphate repeat (GPR) was impaired in triggering caspase-11 cleavage ( Figure 2K ), suggesting that the GPR of LTA is important for the induction of caspase-11 cleavage. To further verify the role of LTA in caspase-11 cleavage, we used WT Listeria and an isogenic mutant deficient in lmo0927, a LTA synthase that is critical for the synthesis of the LTA polyglycerophosphate backbone (Webb et al., 2009) . Because the LTA mutant exhibited growth defects in vitro (Webb et al., 2009) , we assessed the ability of equal amounts of extracts from WT and mutant Listeria to cleave caspase-11 upon transfection into BMDMs. Extracts from the WT Listeria strain induced robust cleavage of caspase-11, unlike the lmo0927 mutant strain ( Figure 2L ). Reconstitution of the mutant strain with an lmo0927-expressing plasmid restored the ability of the bacterial extracts to cleave caspase-11 ( Figure 2L ). Consistent with the bacteria infection studies, LTA-induced caspase-11 cleavage into caspase-11 p20 and LEVD cleavage were impaired in Nlrp6 À/À and Pycard À/À BMDMs ( Figures 2M and S3D-S3F ). Furthermore, caspase-1 activation induced by LTA transfection was impaired in Nlrp6 À/À , Pycard À/À , and Casp11 À/À BMDMs ( Figure 2N ). Consistently, cytosolic LTA stimulation resulted in the maturation of IL-1b, which required NLRP6, caspase-11, and caspase-1, but not GSDMD, which was important for the secretion of IL-1b ( Figures  S3G-S3J ). Collectively, these results indicate that cytosolic LTA triggers caspase-11 processing through NLRP6 and ASC.
NLRP6 Binds LTA via the LRR Domain
To examine whether LTA associates with NLRP6, we expressed S-tagged NLRP6 in HEK293T cells and assessed its interaction with LTA. Using specific antibodies for LTA or LPS, we observed that NLRP6 interacts with LTA, but not with LPS ( Figures 3A and  3B ). Although LTA did not associate with NLRP6 lacking the C-terminal leucine-rich repeats (LRRs), the interaction of LTA with NLRP6 was enhanced by deletion of the N-terminal pyrin domain (PYD) ( Figure 3C ). In contrast, LTA did not associate with NLRP3, AIM2, or caspase-11 ( Figures 3D, 3E , and S4A). LTA displayed a dose-dependent binding to immobilized purified NLRP6 DPYD, but not to human NOD1 or rat immunoglobulin G (IgG), by Biolayer interferometry (BLI) analysis ( Figures 3F and S4B-S4F ). The equilibrium dissociation constant (K D ) between NLRP6 DPYD and LTA was calculated as 6.22 3 10 À11 M, whereas there was little or no interaction of NLRP6 DPYD with sLTA DGPR, LPS, or the muramyl dipeptide (MDP) under comparable conditions ( Figures 3G, 3H , and S4G). These results indicate that LTA directly binds NLRP6 at high affinity via the LRR domain.
Amino acid alignment analysis of several PYDs revealed that the PYD of NLRP6 was unique in that it contains two gap regions in the N terminus and a long unmatched region in the C terminus, compared with the PYDs of NLRP3, AIM2, and pyrin (Figure S4H) . To investigate the function of NLRP6 PYD, we swapped the PYD of NLRP6 for that of NLRP3. After Listeria infection or LTA transfection, we observed production of the caspase-11 p20 in Nlrp6 À/À macrophages reconstituted with WT NLRP6, but not with chimeric NLRP6 containing the PYD of NLRP3 ( Figures 3I and S4I ). Furthermore, caspase-11 cleavage was not observed after nigericin stimulation of Nlrp3 À/À macrophages reconstituted with chimeric NLRP3 containing the NLRP6 PYD or NLRP6 containing the NLRP3 LRR ( Figures  S4J-S4L ). These results suggest that the PYD of NLRP6 is essential, but not sufficient, for the induction of caspase-11 cleavage.
Listeria and Cytosolic LTA Induce the Recruitment of Caspase-1 and Caspase-11 to the NLRP6 Inflammasome NLRP6 associates with caspase-1 through the adaptor ASC in overexpression studies (Levy et al., 2015) . To determine whether caspase-11 interacts with ASC, we reconstituted Pycard À/À immortalized BMDMs with tagged ASC ( Figure S5A ). The interaction between caspase-11 and ASC was observed after Listeria infection in macrophages ( Figure 4A ). Additionally, caspase-11 co-localized with ASC ''specks'' induced by Listeria or LTA, but not by stimulation with nigericin, poly(dA:dT), LPS, Salmonella, or Yersinia pseudotuberculosis DyopM (Figures 4B, 4C , and S5B). Furthermore, we observed that caspase-1 associated with caspase-11 in response to Listeria infection as determined by immunoprecipitation of caspase-11 followed by immunoblotting for caspase-1 ( Figure 4D ). In addition, caspase-11 colocalized with caspase-1 after Listeria infection ( Figure S5C ), suggesting that caspase-11 and caspase-1 are recruited to the NLRP6 inflammasome complex. Next, we examined the interaction between NLRP6 and inflammasome components. To assess the endogenous interaction of NLRP6 with ASC in macrophages, we used BMDMs from a knockin mouse in which 3 copies of the Flag tag were inserted at the C terminus of NLRP6 by homologous recombination. NLRP6 co-localized with ASC in the macrophages after Listeria infection or LTA transfection ( Figure S5D ). Interaction between NLRP6 and caspase-11 was observed in HEK293T cells, and it was enhanced by LTA transfection ( Figures  S5E and S5F ). Immunoprecipitation of NLRP6 using an antibody against Flag revealed that NLRP6 interacts with caspase-11 as well as caspase-1 in macrophages infected with Listeria or transfected with LTA ( Figures 4E and 4F) . These data indicate that caspase-1 and caspase-11 are recruited to the NLRP6 inflammasome after Listeria infection or LTA transfection.
Caspase-11 Processing Is Important for Caspase-1-Mediated IL-18 Secretion Caspase-11 does not directly process pro-IL-1b, but caspase-11 promotes caspase-1-dependent maturation of pro-IL-1b when it is co-transfected with caspase-1 (Lin et al., 2000; Wang et al., 1996) . To determine whether processing of caspase-11 is required for caspase-1-dependent IL-18 secretion, we expressed WT or mutant caspase-11 that contain asparagine instead of aspartic acid at positions 277 (D277N) and 285 (D285N), which are the predicted caspase-11 cleavage sites (Broz et al., 2010) , in Casp11 À/À macrophages by lentiviral-mediated transduction ( Figure 5A ). Listeria infection induced the pro- immortalized Casp11 À/À BMDMs reconstituted with WT or mutants of caspase-11 after infection with Listeria for 12 hr. (C) Immunoblotting of cell lysates from immortalized Casp11 À/À BMDMs reconstituted with caspase-11 WT or catalytic mutant after infection with Listeria for 12 hr. (D) Cytokine levels in cell supernatants of immortalized Casp11 À/À BMDMs reconstituted with WT or mutants of caspase-11 after infection with Listeria for 12 hr. (E) Cytokine levels in cell supernatants of immortalized Casp11 À/À BMDMs reconstituted with caspase-11 WT or catalytic mutant after infection with Listeria for 12 hr. Blots of caspase-11 were cropped to reveal protein bands at different exposures. Results are representative of at least three independent experiments, and error bars denote SD of triplicate wells. **p < 0.01; ****p < 0.0001. See also Figure S5 .
cessing of WT pro-caspase-11 into the p20 fragment, but not of the caspase-11 mutants ( Figure 5B ), indicating that D277 and D285 are involved in caspase-11 cleavage. These D277N and D285N mutations did not enhance LDH release induced by LTA transfection ( Figure S5G ). To identify another cleavage site, we also prepared macrophages expressing caspase-11 D80N, a predicted cleavage site located between the caspase activation and recruitment domain (CARD) and the p20 domain ( Figure 5A ). The formation of the p20 fragment was not observed in the D80N mutant in response to Listeria infection ( Figure 5B ), suggesting that D80 participates in the production of the caspase-11 p20 fragment in addition to D277 and D285. It has been reported that C254 of caspase-11 is the putative catalytic cysteine for self-cleavage (Lee et al., 2018; Wang et al., 1996) . Notably, the production of caspase-11 p20 fragment was not impaired by the replacement of C254 to alanine or serine ( Figures 5C  and S5H ), suggesting that the catalytic C254 is not essential for caspase-11 processing in response to Listeria. Consistently, IL-18 release was impaired by D277N, D285N, and D80N mutations in caspase-11, but not by the C254A mutation ( Figures 5D  and 5E ). In addition, caspase-1 cleavage was abolished by D277N and D285N mutations in caspase-11 ( Figure S5I ). Collectively, these results indicate that caspase-11 processing promotes caspase-1-dependent IL-18 secretion.
Type I IFN Signaling Regulates Caspase-1 Activation by Enhancing NLRP6 and Caspase-11 Expression
Gram-negative bacteria require type I interferon (IFN) signaling to activate the caspase-11 pathway induced by LPS (Broz et al., 2012; Gurung et al., 2012; Rathinam et al., 2012) . To determine whether type I IFN signaling is important for caspase-11 processing in response to Listeria infection, we infected BMDMs from WT or Ifnar1 À/À mice with the bacterium and assessed caspase-11 cleavage. Listeria infection induced the cleavage of caspase-11, which was reduced in Ifnar1 À/À BMDMs ( Figure 6A ). Consistently, the cleavage of Ac-LEVD-AMC induced by Listeria infection was impaired in Ifnar1 À/À BMDMs ( Figure 6B ). The defective caspase-11 processing could be explained, at least in part, by reduced induction of pro-caspase-11 in Listeria-infected Ifnar1 À/À BMDMs ( Figure 6A ). In accord with a role for type I IFN in the regulation of NLRP6 expression in mouse embryonic fibroblasts , priming of BMDMs with poly(I:C) that induces type I IFN production, but not with Pam3CSK4, increased the expression of endogenous NLRP6 in macrophages, which was abolished in Ifnar1 À/À BMDMs (Figures 6C and 6D) . Consistent with these results, NLRP6 expression was induced in WT macrophages infected with Listeria, but not in Ifnar1 À/À macrophages ( Figure 6E ). Furthermore, caspase-11 processing induced by LTA transfection was observed in macrophages primed with poly(I:C), but not with Pam3CSK4 that does not induce type I IFN ( Figure 6F ). Thus, type I IFN signaling regulates both NLRP6 and caspase-11 expression in macrophages. Consistent with a role of NLRP6 and caspase-11 in caspase-1 activation, the processing of caspase-1 was impaired in Ifnar1 À/À BMDMs infected with Listeria in unprimed cells ( Figure 6G ). To dissociate the role of NLRP6 and caspase-11, we primed BMDMs with Pam3CSK4 prior to Listeria infection, which induces pro-caspase-11, but not NLRP6, expression ( Figures 6C  and 6G ). Caspase-1 processing induced by Listeria was impaired in Ifnar1 À/À BMDMs despite adequate induction of pro-caspase-11 ( Figure 6G ), suggesting that impaired expression of NLRP6 via type I IFN signaling results in reduced activation of caspase-1. Furthermore, Listeria-induced caspase-11 expression and caspase-1 activation were impaired in macrophages deficient in STING, a critical adaptor regulating type I IFN production in response to Listeria infection ( Figure 6H ; Ishikawa et al., 2009 ). Collectively, these results indicate that type I IFN signaling regulates caspase-1 activation by enhancing NLRP6 and procaspase-11 expression.
NLRP6-Caspase-11 Axis
Exacerbates Listeria Infection through the Production of IL-18 We next examined the role of NLRP6 and caspase-11 in the regulation of Listeria infection in vivo. Nlrp6 À/À mice harbored reduced pathogen loads when compared with WT mice on day 4, but not on day 2, after intravenous infection with a sublethal dose of 10 4 colony-forming units (CFUs) of Listeria (Figures 7A and S6A-S6C ). WT mice succumbed to an infection with a higher dose of 10 5 CFUs of Listeria, whereas $50% of Nlrp6 À/À mice survived the infection ( Figure 7B ). Casp11 À/À mice also harbored lower pathogen loads than WT mice after infection with WT Listeria, but not after infection with LTA-deficient Listeria or WT Salmonella (Figures 7A and S6B-S6E) . Salmonella loads were also comparable in WT and Nlrp6 À/À mice ( Figure S6F ). Consistent with in vitro studies, Listeria infection enhanced pro-caspase-11 expression and processing in vivo ( Figure 7C ). There was reduced caspase-11 p20 production in spleens from infected Nlrp6 À/À mice on day 2 after infection ( Figure 7D ). We have also assessed Listeria loads in Aim2 À/À or Nlrp3 À/À mice and found less bacterial loads in Aim2 À/À mice (Figure S6G) . In contrast, there was no significant difference in bacterial loads between WT and Nlrp3 À/À mice ( Figure S6G ). We have assessed the Listeria loads in pure Casp1 À/À mice and found increased bacterial loads in Casp1 À/À mice when compared to WT mice ( Figure S6H ). We also tested Gsdmd À/À mice and found that their phenotype is comparable to that of pure Casp1 À/À mice ( Figure S6H ). Thus, the phenotype of Casp1 À/À mice is different from that of Casp11 À/À and Casp1/11 À/À mice. Consistently, a comparable phenotype was observed in Nlrp6 À/À and Casp11 À/À mice, and this was confirmed using two additional Listeria strains ( Figures S6B  and S6C) .
Listeria induced the production of various cytokines, including IL-18, IL-12p40 and IFN-g, on day 4 after infection ( Figure S7A ). Although infection with 10 4 CFUs of Listeria did not induce IL-18 production in the serum on day 2, robust IL-18 production was detected on day 2 after inoculation with 10 6 CFUs of the bacterium (Figures S7B and S7C) . Notably, the production of IL-18, but not IL-12p40, was greatly reduced in the serum of infected Nlrp6 À/À mice when compared to WT mice ( Figures 7E and S7C) . Likewise, the production of IL-18 was impaired in Casp11 À/À or Pycard À/À mice infected with Listeria ( Figures 7E and S7C ). LTA-deficient Listeria induced little IL-18 production even after infection of WT mice with 10 6 CFUs of the bacterium ( Figure S7D) . In contrast to IL-18, the amounts of IL-1b were nearly undetectable in the serum from Listeria-infected mice (Figures 7E and S7A ). Nlrp6 À/À and Casp11 À/À mice were also more resistant to intravenous infection with Staphylococcus aureus than WT mice ( Figure S6I ), which correlated with reduced pathogen loads in mutant mice ( Figure S6J ). Furthermore, reduced amounts of IL-18, but not IL-12p40, were observed in the serum of Nlrp6 À/À and Casp11 À/À mice when compared with WT mice ( Figure S7E ). Using different model systems, IL-18 has been reported to promote both protective and detrimental effects during Listeria infection in vivo (Lochner et al., 2008; Maltez et al., 2015) . To assess whether endogenous IL-1b or IL-18 regulates the clearance of Listeria, we infected WT, Il1b À/À , and Il18 À/À mice with Listeria and measured the pathogen loads. Il18 À/À mice contained lower pathogen loads than WT mice ( Figure 7F ), which is consistent with previous studies (Lochner et al., 2008; Tsuchiya et al., 2014) . In contrast to Il18 À/À mice, the pathogen loads of Il1b À/À mice were comparable to that of WT mice ( Figure 7F ). To determine whether the impairment of IL-18 production in Nlrp6 À/À and Casp11 À/À mice was responsible for increased pathogen clearance, we administrated recombinant IL-18 and measured pathogen loads after infection. IL-18 administration restored pathogen loads to levels observed in WT mice ( Figure 7G ). In early studies, NLRP6 was reported to regulate the composition of the intestinal microbiota (Elinav et al., 2011) , although recent studies have challenged the initial observations (Lemire et al., 2017; Mamantopoulos et al., 2017) . Therefore, we co-housed WT and mutant mice for 3 or 4 weeks to normalize their microbiota before bacterial infection. Cohousing did not change the resistant phenotype of Nlrp6 À/À , Casp11 À/À , Pycard À/À , and Il18 À/À mice to Listeria infection ( Figure S6K) . Consistent with previous studies (Auerbuch et al., 2004; Carrero et al., 2004; O'Connell et al., 2004) , Ifnar1 À/À mice were also more resistant to systemic infection with Listeria ( Figure 7H) . These results indicate that the NLRP6-caspase-11 axis exacerbates Listeria infection through the production of IL-18.
DISCUSSION
We show that LTA, a major component in the cell wall of Grampositive bacteria, binds to NLRP6 and activates the NLRP6 inflammasome. Because NLRP6 is located intracellularly, the signaling pathway is presumably activated by Gram-positive bacteria that reach the cytosol (Berche et al., 1988; Hertzé n et al., 2012; Nandi and Bishayi, 2016) by delivery of LTA into the host cytosol via the type VII secretion system of Gram-positive bacteria (Bottai et al., 2017; Cao et al., 2016; Pinheiro et al., 2017) or by bacteriolysis to liberate LTA into the cytoplasm (Man et al., 2016) . Consistent with this notion, cytosolic delivery of LTA or extracts from Gram-positive bacteria was required for NLRP6-mediated caspase-11 and IL-1b processing. The molecular mechanism by which LTA activates NLRP6 upon binding remains unclear and must await the availability of atomic resolution structures of the LTA-NLRP6 complex. Structural studies of two NLRs, NOD2 and NLRC4, have revealed that these sensors are maintained in an autoinhibited monomeric state at least in part via the C-terminal LRR domain (Hu et al., 2013; Maekawa et al., 2016) . Given that the LRR domain of NLRP6 mediates the interaction with LTA, the binding of LTA with NLRP6 may lead to conformation changes that overcome the autoinhibition, leading to recruitment of ASC and inflammasome activation.
Based on overexpression studies, it was suggested that NLRP6 interacts with and activates caspase-1 (Levy et al., 2015) . We show here that, after Listeria infection or delivery of LTA to the cytosol, NLRP6 recruits and induces caspase-11 processing. Further biochemical and functional experiments show that cleavage of caspase-11 through NLRP6 requires ASC and involves homotypic ASC-ASC interactions. NLRP6 also recruited pro-caspase-1 in response to Listeria infection or delivery of LTA to the cytosol. Furthermore, caspase-11 associated with caspase-1 in response to Listeria infection. These observations suggest that the NLRP6 inflammasome can recruit both caspase-11 and caspase-1. Because NLRP6, but not NLRP3 and NLRC4, functions upstream of caspase-1 and caspase-11 in the regulation of mucus production in colonic explants (Birchenough et al., 2016) , the NLRP6/caspase-11/caspase-1 signaling pathway may also operate in intestinal epithelial cells. In contrast to NLRP6, activation of the NLRP3, AIM2, and pyrin inflammasomes did not recruit caspase-11. The molecular basis for the specific recruitment of caspase-11 by the NLRP6 inflammasome remains unclear. Analysis of chimeric NLRP3-NLRP6 proteins revealed that the PYD of NLRP6 was essential, but not sufficient, to induce caspase-11 cleavage. These results suggest that the PYD of NLRP6 acts in the context of additional NLRP6 domain(s) to mediate the specific recruitment and processing of caspase-11. However, the interpretation of NLR chimera experiments is difficult because chimeric NLR proteins may exhibit loss of critical intra-molecular interactions present in the native NLR proteins. After recruitment, caspase-11 is processed, which promotes caspase-1-dependent IL-1b and IL-18 secretion in macrophages. Caspase-11 co-localized with caspase-1 in the ASC ''specks'' induced by Listeria infection. These results suggest a model in which the NLRP6 inflammasome recruits caspase-11 and caspase-1, leading to sequential proteolytic activation of both caspases in response to Listeria and LTA.
It is also possible that caspase-1 exhibits a scaffolding function in recruiting caspase-11 to the speck. Consistent with the sequential activation model, processing of caspase-11 was required for IL-18 secretion in response to Listeria infection. Previous studies reported the formation of the caspase-11 p20 fragment in response to several stimuli (Lee et al., 2001; Schotte et al., 1998) . In addition, the caspase-11 p20 fragment can bind to the TRPC1 substrate via amino acid residues 79-285 of p20 (Py et al., 2014) . Consistent with these previous studies, we found that D80, D277, and D285 are required for the production of p20 fragment of caspase-11 in response to Listeria infection. Because the putative catalytic C254 residue was not required for p20 caspase-11 production, the results suggest that caspase-11 processing is mediated by another protease in response to Listeria infection.
Cryo-EM structures of the AIM2-PYD/ASC-PYD and NLRP3/ ASC-PYD protein complexes have suggested that the adaptor ASC forms filamentous structures in which the PYDs localize at the core while the CARDs form the outer layer of the filament that recruits and nucleates caspase-1 (Cai et al., 2014; Lu et al., 2014) . Thus, the CARDs of ASC in the NLRP6 inflammasome could recruit independently both caspase-11 and caspase-1 via CARD-CARD interactions. Structural studies of the NLRP6 inflammasome are needed to test whether NLRP6 can form an inflammasome containing both caspase-11 and caspase-1 through CARD-CARD interactions with ASC. In contrast to the NLRP6-caspase-11 inflammasome, cytosolic LPS induces caspase-11 activation followed by GSDMD-mediated cell death (Shi et al., 2015) . Unlike cytosolic LPS stimulation, the NLRP6-caspase-11 inflammasome pathway is not associated with detectable GSDMD cleavage and robust cell death. The reason to account for the lack of or reduced GSDMD cleavage in response to LTA remains unclear. One possibility is that GSDMD is accessible to the LPS-induced caspase-11 active form, but not to cleaved caspase-11 triggered by LTA. Further work is needed to understand this question.
NLRP6 and caspase-11 exacerbate Listeria systemic infection in vivo through the secretion of IL-18. In contrast to our studies, NLRP6 has been reported to inhibit the production of inflammatory cytokine and chemokine, including TNF, IL-6, and keratinocyte-derived chemokine (KC), in macrophages, which was suggested to enhance Listeria colonization in vivo . However, we found that the production of these cytokines induced by Listeria is not enhanced in Nlrp6 À/À macrophages. We do not have an explanation for the discrepancy in results. The decreased pathogen loads in Nlrp6 À/À and Casp11 À/À mice may reflect adaptive evolution of Gram-positive pathogens to evade host protective mechanisms. A previous study showed comparable survival of WT and Casp11 À/À mice after Listeria infection (Mueller et al., 2002) , and another group showed that Casp1 À/À Casp11 À/À mice were more susceptible to Listeria infection (Tsuji et al., 2004) . The studies by Mueller et al. (2002) and Tsuji et al. (2004) differ from ours in at least two aspects. In our model, IL-18 was robustly induced, whereas the production of IL-18 in the other studies was modest, which may be explained by the use of different Listeria strains (Mueller et al., 2002; Tsuji et al., 2004) . We have tested three Listeria strains (EGD, 10403S, and LO28) and found reduced Listeria burdens in both Nlrp6 À/À and Casp11 À/À mice. Although the requirement of type I IFN to activate caspase-11 in Gram-negative bacteria infection is controversial (Broz et al., 2012; Kayagaki et al., 2013; Rathinam et al., 2012) , we found that it is essential for NLRP6-dependent caspase-11 processing in response to cytosolic LTA and Listeria infection. Consistent with our findings, Ifnar1 À/À mice are more resistant to systemic Listeria infection (Auerbuch et al., 2004; Carrero et al., 2004; O'Connell et al., 2004) , which is comparable to the phenotype observed in Nlrp6 À/À and Casp11 À/À mice. The role of IL-18 in Listeria infection is poorly understood and controversial. Administration of recombinant IL-18 early in infection is protective against Listeria in vivo (Maltez et al., 2015) , although IL18 À/À mice are more resistant than WT mice against pathogen infection (Lochner et al., 2008; Tsuchiya et al., 2014) . Thus, IL-18 can exert both a protective and detrimental role in Listeria infection. Taken together, our studies reveal a novel signaling pathway induced by cytosolic LTA to activate the NLRP6 inflammasome, leading to caspase-11 and caspase-1 processing that regulates Gram-positive bacterial infection.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Analysis of ligand-protein interaction
To measure an interaction between bacterial ligand and host proteins, BLI analysis was performed using Octet RED96 system (For-teBio). Recombinant S-NLRP6 DPYD was purified from HEK293T cells. Cells were transfected for 24 h with 10 mg of pcDNA3 plasmid expressing S-tagged NLRP6 DPYD, lysed in lysis buffer containing 0.5% Nonidet P-40 in PBS with 300 mM NaCl, 5 mM 2-mercaptoethanol and protease inhibitor cocktail. After centrifugation at 21,000 X g for 15 min, the clear lysates were incubated with S-protein beads at 4 C for 1 h and applied to spin column. The beads were washed with lysis buffer 5 times and eluted with 3 M MgCl 2 . The purified protein was biotinylated, dialyzed using Dialysis Cassette (Thermo Fisher Scientific; 20,000 MWCO), and immobilized to Streptavidin Biosensor at 0.025 mg/ml in PBS with or without 0.001% Tween 20. Biotin-rat IgG and human NOD1 protein (Novus biologicals) were used as negative controls. LTA, LTA DGPR, LPS or MDP were diluted to indicated concentrations with PBS with or without 0.001% Tween 20. The association process was performed for 300 s at 25 C with shaking, and the dissociation process was performed for 600 s in PBS with or without 0.001% Tween 20 with shaking. The resulting data were analyzed after subtracting background and the equilibrium dissociation constant K D was calculated using Octet RED96 analysis software 7.0 and GraphPad Prism 6.
Infection in vivo
Mice were infected intravenously with 10 4 to 10 6 cfu of Listeria (Yamamoto et al., 2012) . To count the bacterial numbers, spleens and livers were collected at 2 or 4 days after infection, homogenized in 5 mL of PBS, serially diluted, and plated on brain heart infusion agar. Mice were infected with 2 3 10 8 cfu of Staphylococcus aureus intravenously and livers were collected and homogenized 8 h after infection and bacterial numbers were counted on LB agar plates. Mice were infected with 10 4 cfu of Salmonella intraperitoneally or intravenously and livers were collected and homogenized on day 3 after infection and bacterial numbers were counted on LB agar plates. Levels of cytokines in sera were determined by ELISA. For immunoblotting, spleens were homogenized in 2 mL of PBS with 0.1% Triton X-100 and protease inhibitor cocktail. Recombinant mouse IL-18 was administrated by intraperitoneal injection (1 mg/mouse) on day 2 after infection.
Statistical analysis
For two-group comparisons by Gaussian distribution, a two-tailed unpaired t test with Welch's correction was used when the variances of the groups were judged to be equal by the F test. For two-group comparisons with non-Gaussian distribution, a Mann-Whitney test was used. Multigroup comparisons with Gaussian distribution, one-way ANOVA with Tukey-Kramer's multiple-comparison test was used after the confirmation of homogeneity of variance among the groups by Bartlett's test. For multigroup comparisons with non-Gaussian distribution, a Kruskal-Wallis test with Dunn's test was used. P values of 0.05 or less were the threshold for statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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